This paper reports the results of studies on the rheological behavior of nanocomposites of high density polyethylene (HDPE) with pristine multiwall carbon nanotubes (CNT) as well as phenol and 1-octadecanol (C18) functionalized CNT at 1, 2, 3, 4, 5, and 7 wt% loading. The viscosity reduction at 1 wt% CNT follows the order, pristine CNT < phenol functionalized CNT < C18 functionalized CNT. As the filler loading increases from 1 to 2, 3, and 4 wt%, neat HDPE and filled HDPE systems show similar moduli and viscosity, particularly in the low frequency region. As the filler loading increases further to 5 and 7 wt%, the viscosity and moduli become greater than the neat HDPE. The storage modulus, tan , and the Cole-Cole plots show that CNT network formation occurs at higher CNT loading. The critical CNT loading or the rheological percolation threshold, where network formation occurs is found to be strongly dependant on the functionalization of CNT. For pristine CNT, the rheological percolation threshold is around 4 wt%, but for functionalized CNT it is around 7 wt%. The surface morphologies of CNT and functionalized CNT at 1 wt% loading showed good dispersion while at 7 wt% loading, dispersion was also achieved, but there are few regions with agglomeration of CNT.
Introduction
High density polyethylene (HDPE) is a commodity thermoplastic polymer and is widely used in different applications due to its outstanding features such as regular chain structure, combination of low cost and low energy demand for processing, excellent biocompatibility, and good mechanical properties [1, 2] . Properties of HDPE can be further manipulated by the addition of organic or inorganic particles into the polymer matrix [3, 4] . The nanofiller reinforced HDPE composites have been studied for various fillers like nanoclay, metal oxide nano particles, and carbon nanotubes [5] [6] [7] .
The dispersion of carbon nanotubes is a great challenge in the fabrication of polymer composites. Good dispersion of CNT into any polymer matrix is very difficult to achieve. Techniques such as surfactant-assisted processing, solutionevaporation methods with high-energy sonication, and covalent functionalization of the nanotubes with a polymer matrix have been exploited, but good dispersion was not always achievable in all polymer matrices [8] [9] [10] . Enhancement of interfacial interaction on incorporation of surfactants as the processing aid was reported by Gong et al. in epoxy/CNT composites [11] . They observed an increase in glass transition temperature from 63 ∘ C to 88 ∘ C and 30% increase in elastic modulus at 1 wt% loading of surfactant modified CNT, even though good dispersion of CNT was still not achieved. Zou et al. found that HDPE/CNT composites fabricated at higher screw speed provide improved dispersion of CNT in HDPE 2 Journal of Nanomaterials [12] . Ha et al. studied the effect of the molecular weight of HDPE and polycarbonate (PC) on the dispersion of CNT, and rheological properties of the composites [13] . The use of a high melt viscosity polymer as the matrix material restricted the mobility of CNT, and also hindered the dispersion of CNT due to the high entanglement density of the polymer matrix compared to the low molecular weight matrices.
Poor dispersion of nanoparticles in the polymer matrices leads to formation of aggregates and filler networks, particularly at higher filler loadings. Osman and Atallah studied the rheological behaviour of HDPE composites with surface treated and untreated noncolloidal calcium carbonate (CaCO 3 ) particles and observed particle agglomeration and cluster formation with increase in filler volume fraction [14] . While the presence of clusters increased the viscosity, surface coating caused a reduction in the extent of polymer chain entanglements and drop in viscosity. Tang et al. reported significant changes in rheological properties for the HDPE/organoclay composites compatibilized with maleic anhydride grafted PE [6] . Non-Newtonian viscosity behavior was observed at all organoclay loadings, and the lowfrequency storage modulus showed a plateau and storage and loss moduli increased with increase in organoclay loading.
McNallyet al. prepared PE/CNT composites with weight fractions ranging from 0.1 to 10 wt% using melt extrusion and studied the rheological and electrical properties [15] . The storage modulus (G ) versus frequency curves approached a plateau between 8.5 and 10 wt% indicating the rheological percolation threshold with the formation of an interconnected nanotube structure, indicative of "pseudo-solid-like" behavior. The high percolation threshold was attributed by the authors to the coating of the PE over CNT and geometry of the die which reduced the entanglements. Valentino et al. studied the melt rheological investigations of melt mixed HDPE/CNT composites, and the percolation threshold was obtained in between 1 and 2.5 wt% of CNT loading [16] .
A drop in the viscosity of nanoparticle-filled polymer melts prepared by blending organic nanoparticles, either synthesized by intramolecular cross-linking of single poly(styrene) (PS) chains or using branched, dendritic poly(ethylene) (PE), with linear atactic PS over a large concentration range was reported recently [17] [18] [19] . Merkel et al. attributed the decrease in the viscosity to the excluded free volume induced around the nanoparticles [20] . However, Kharchenko et al. reported a significant increase in the viscosity of CNT-filled polymer materials, even at very low loadings [21] . A similar increase in viscosity has been reported in the case of clay-polymer nanocomposites by Ren and Krishnamoorti [22] . Therefore, a conclusive outcome with respect to the behavior of viscosity is not yet achieved in nano filled polymer composites.
The role of surface modification and the effect of nanofiller loading on the rheological behavior of the polymer nanocomposites have not been resolved as yet, and there exists scope for research in this area and with this objective in mind, the present investigation was undertaken. The paper reports the results of studies on the effects of functionalization of CNT and its loading on the rheological behavior of HDPE/CNT composites.
Materials and Methods
The CNT was purchased from Cheap Tube Inc., 112 Mercury Drive, Brattleboro, VT 05301, USA. The specifications of CNT are as follows: range of diameter 20-30 nm, length of the tube 10-30 m, and purity >95 wt%. The density of CNT is 2.1 g/cm 3 . The HDPE pellets (HDPE HMA 014) were obtained from ExxonMobil Corporation, USA. The melt flow index and density of the HDPE pellets are 4.0 g/10 min (ASTM D4101-10) and 0.960 g/cm 3 , respectively. The CNT surface was functionalized with phenol and 1-octadecanol (both were purchased from Sigma Aldrich, USA) by techniques as reported earlier by Thomas et al. [23, 24] .
HDPE was melt blended with 1, 2, 3, 4, 5, and 7 wt% of pristine and functionalized CNT using a Brabender mixer at 150 ∘ C for 10 min at a rotor speed of 120 rpm. The blended mixtures were then hot pressed at 150 ∘ C under 9 MPa using Carver hot-press. ARES controlled strain rheometer (TA Instruments) was used for all rheological measurements. It was equipped with heavy transducer (range 0.02-20 N for normal force; 2 × 10 Figure 1 shows the frequency dependence of the dynamic viscosity at different loadings of CNT and modified CNT in the HDPE composites. HDPE shows the typical rheological flow in the experimental frequencies. Incorporation of CNT at 1 wt% loading reduces the dynamic viscosity in the low frequency region. As for the 2 wt% loading, the dynamic viscosity of functionalized CNT slightly reduces but the pristine CNT viscosity increases. In the case of 3 wt% loading of the nanofillers, the viscosity of HDPE increases in the whole range of frequencies studied, but the effect is less pronounced in the case of functionalized CNT. In the case of 4 wt% loading, the viscosity of HDPE increases in the whole range of frequencies, but the increase is well noticed in the pristine CNT and phenol. As the filler loading increases to 5 and 7 wt%, the dominant role of the hydrodynamic factor (i.e., increase in relative effect of hydrodynamic forces with Journal of Nanomaterials respect to the Brownian contribution) becomes more apparent, and viscosity showed a sharp increase at all frequencies on incorporation of both CNT and modified CNT. Figure 2 shows the variation of the viscosity ratio versus the concentration of the CNT at a frequency of 1 Hz. For the 1 wt% of modified CNT, the viscosity ratio drops to less than one indicating a drop in viscosity. The composites with functionalized CNT show lower viscosity ratio as compared to the unfunctionalized CNT at all concentrations.
Results
The steady shear viscosity against strain rate is given in Figure 3 . As in dynamic viscosity measurements, 1 wt% loading of pristine and functionalized CNT show reduction in viscosity compared to HDPE. At 2 wt% loading, the viscosity of C18 slightly reduced than neat HDPE, while the viscosity of phenol is almost the same as that of neat HDPE. However, the pristine CNT viscosity increased drastically. The increase in loading to 3 and 4 wt% reverses the trend, and the viscosity of the composites is higher than the polymer. When the loading becomes 5 and 7 wt%, the viscosity is much higher than HDPE. Moreover, the lower frequency region showed marked difference in viscosities for the different grades of CNT. At higher frequencies there is not much difference in viscosities for HDPE and the composites. Among the two functionalized grades of CNT, the C18 functionalization showed higher reduction in viscosity compared to the phenol functionalization.
The plots of storage modulus against frequency at different loadings of pristine CNT and functionalized CNT are given in Figure 4 . It is interesting to note that in the case of nano filler loading of 1 wt%, neat HDPE shows the highest storage modulus, which decreases on addition of pristine CNT and functionalized CNT, and the effect is pronounced in the low and medium frequency region. At higher frequencies, however, both filled and unfilled HDPE have similar moduli. This effect is similar to that observed in the case of viscosity changes. At 2 wt% loading, there is a gradual increase in the storage modulus at low frequency below 0.1 rad/s while the storage modulus is almost the same for the pristine CNT and functionalized CNT's at higher frequency region. As the nanofiller loading increases to 3 and 4 wt%, storage modulus of the filled system increases sharply, particularly in the low frequency region. In the case of 5 and 7 wt% loading of nano filler, the increase in storage modulus becomes pronounced and the filled HDPE registers higher storage modulus than the neat HDPE in all frequencies. It is observed that the functionalized CNT shows lower modulus than the pristine CNT at all loadings except at 4 wt% loading where functionalized phenol exhibited the highest storage modulus. Furthermore, a plateau is observed in the low frequency region at 3 wt% loading of pristine CNT and 4 wt% loading of pristine CNT and phenol and the same is observed at 5 and 7 wt% in the case of functionalized CNT. Figure 5 shows the plots of tan versus frequency. For the unfilled HDPE sample, tan is greater than one and decreases as increases, which is typical for liquid-like materials. At 1 wt% loading of the nano filler this behavior does not change, regardless of the type of CNT. Likewise, at 2 wt% loading, tan of pristine CNT and functionalized CNT is greater than one at low frequency region and then decreases in all cases as frequency reaches maximum. However, at 3 wt% of pristine CNT, tan shows a value of less than one and it increases as increases in the low frequency range, until it reaches a maximum. In the case of functionalized CNT, at 3 wt%, tan is greater than one and there is a tendency to increase with the increase in frequency in the low frequency region and reach a maximum. As for the 4 wt% loading, tan of the pristine CNT and phenol is less than one at low frequency region and remains almost constant as reaches maximum. But at higher loading (i.e., at 5 and 7 wt%) of the nano filler, irrespective of whether it is pristine or functionalized, the compositions have tan less than one and there is sharp increase in tan with increase in frequency in the low frequency region till the maximum is reached. Figure 6 presents the plots of G versus G , which is a typical Cole-Cole plot. As can be clearly seen from Figure 6 , the plots for both filled and unfilled compositions at 1 wt% of CNT follow the same path, with no changes in the slope. However, the slope in the plots decreases sharply, as the nanofiller concentration exceeds 1 wt%, and this is true for both pristine and functionalized CNT.
The interaction and compatibility of the CNTs in iPP matrices and the morphology of the cross section and profile section of the nanocomposites were investigated. For this purpose, SEM was conducted on fractured surfaces of the nanocomposites for 1.0 wt and 7 wt% of CNTs, CNTs-C18, and CNTs-Phenol and compared with SEM image of net HDPE as shown in Figures 7(a)-7(g) . Although, different fractured surfaces of the composites were scanned for SEM, there was however no clear disparity between the image of net HDPE and images obtained for CNT/HDPE and CNT-C18/HDPE in Figures 7(a)-7(e) . However, there is a clear difference between the fractured surface of HDPE and the CNT-Phenol/HDPE (Figures 7(f) and 7(g) ).
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(g) Figure 7 : SEM images of the net HDPE, pristine CNT, and functionalized CNT. (a) net HDPE, (b) 1 wt% CNT, (c) 7 wt% CNT, (d) 1 wt% C18, (e) 7 wt% C18, (f) 1 wt% phenol, and (g) 7 wt% phenol.
Discussion
In reference to Figure 1 , the decrease in viscosity at 1 wt% is believed to be due to the increase in disentanglement of the polymer chains induced by the nanofiller, acting as streamliners for the flow of polymer chains as reported earlier [25] [26] [27] . The reduction in viscosity is pronounced in the case of functionalized CNT, and it is believed that the deaggregation of the nanoparticles contributes further to the disentanglement process. It is also interesting to observe that the range of the frequency where the viscosity is constant, the Newtonian plateau viscosity, increases due to the presence of pristine and functionalized CNT in the same order of that of the percent reduction of the viscosity. In the high frequency region, however, the changes in the viscosity follow different trend and both pristine and functionalized CNT show higher viscosity than the neat polymer, due to the hydrodynamic effect. It is believed that chemical modification of CNT surface assists in deaggregation of the nanoparticles and subsequent disentanglement of the polymer chains and a drop in viscosity, as compared to the pristine CNT. Moreover, the functionalization may lead to the decrease in the aspect ratio of CNT due to the de-aggregation of the tubules by the functionalizing agents [28, 29] .
As the nano filler loading increases to 2 wt%, the proposed hydrodynamic factor plays a dominant role in controlling the viscosity in the whole range of frequency studied. The same trend is observed at 3 wt% loading. But in the case of functionalized CNT, the de-aggregation of the filler particles counterbalances the hydrodynamic factor. It is also evident that the functionalization of CNT causes greater decrease in viscosity than the pristine CNT and the viscosity follows the order, neat polymer < C18 modified CNT < phenol modified CNT < CNT. The effect becomes pronounced as the nano filler loading increases to 5 and 7 wt%. Figure 2 shows that the viscosity ratio increases with the increase in nanofiller concentration and the relative increase is less in the case of functionalized CNT, as compared to pristine CNT.
Although the reduction in viscosity by the addition of rigid fillers in a matrix is uncommon, there are reports on the contrary. Recently, similar observation was made by Thomas et al. in the case of isotactic-polypropylene (iPP)/CNT composites [30] . However, the drop in viscosity for the present system of HDPE/CNT is observed at 1 wt% loading, whereas in the case of iPP/CNT, the drop in viscosity was observed at a loading of 0.5 wt% and below and the same phenomenon was not observed at 1 wt% loading. The presently used HDPE grade has high molecular mass with a linear structure, which is likely to increase the entanglements of the polymer chains, and thus the loading of CNT needed for reduction in viscosity is likely to be greater in HDPE than that in iPP. This is also in agreement with a previous report by Adesina et al. on processability of nanoclay-filled linear and branched grades of polyethylene [31] . A few more similar observations were reported related to linear polystyrene (PS) composites filled with organic nanoparticles [17] [18] [19] . Also, Jain et al. reported decrease in viscosity for silica filled PP composites [32] .
The results of steady shear viscosity measurements ( Figure 3 ) are in conformity with the above observations on changes in dynamic viscosity on incorporation of nano filler, and it can be argued that Cox-Merz rule is followed in this type of composite system. The 1 wt% loading of the nano filler shows a reduction in the steady shear viscosity, and the effect is pronounced in the case of functionalized CNT. As the filler loading increases to 2 and 3 wt%, irrespective of the type of nano filler, the viscosity of the composite overshoots the viscosity of neat HDPE. But the chemically modified CNT shows lower viscosity than the pristine CNT in all loadings. Ma et al. have reported on the rheological modeling of pristine and chemically modified CNT aggregate suspensions, and the increase in viscosity at higher loadings was attributed to the formation of filler network [33, 34] . Figure 4 shows that at 1 wt% loading of the nano filler, there is no clear plateau in the plots of storage modulus versus frequency in the low frequency region. But as the pristine CNT concentration increases to 2 and 3 wt%, a plateau is observed, which is indicative of filler network formation. The plateau in G values in the low frequency range has been cited by several researchers for polymer nanocomposites, including nanoclay-filled as well as carbon nanotubes filled composites, and they attributed this behavior to the formation of physical networks of the nanofillers inside the host matrix [15, 16, [35] [36] [37] [38] . For nanoclay-filled polymers, for example, Solomon et al. examined the melt-state rheology of nanoclay/polypropylene system at various clay loadings [35] . Above clay loadings of 2.0 wt% the nanocomposite materials exhibited apparent low-frequency plateau in G , and they concluded that the rheological percolation threshold for the formation of network was at 2.0 wt% loading.
However, no such plateau is not observed in the case of functionalized CNT at 3 wt% loading. As the CNT loading increases further beyond 3 wt% (i.e., 4, 5 and 7 wt%), even the functionalized CNT shows plateau in the low frequency region, indicating network formation, as observed in the case of pristine CNT. Therefore, it can be suggested that the rheological percolation threshold for the HDPE/CNT system is strongly dependant on the functionalization of CNT and for the pristine CNT it is around 3 wt% but for the functionalized CNT it is around 7 wt%.
In reference to Figure 5 , in the low frequency range for the filler loadings of 5 and 7 wt% (Figures 5(e) and 5(f)), tan is less than unity, and it increases with respect to frequency in the low frequncy range till it reaches a maximum, which could be ascribed to the formation of CNT network. This effect is also slightly noticeable at 4 wt% but less pronounced in the case of 3 wt% loading of nano filler, particularly in the case of functionalized CNT (Figures 5(c) and 5(d) ). However, at 1 wt% loading of the nano filler this behaviour is not observed for both pristine and functionalized CNT ( Figure 5(a) ). The observation on increase in tan with increase in in the low frequency range has been observed earlier in the case of several polymer nanocomposites and has been explained on the basis of formation of physical network of the nanofillers in the host polymer matrix at and higher than the rheological percolation threshold [15, 38] . Accordingly, we are of the opinion that the rheological percolation threshold of pristine CNT-HDPE system is around 3 and 4 wt%, whereas the same for the functionalized CNT-HDPE systems is around 7 wt%. The decrease in slope in the plots of G versus G (Figure 6 ) can be attributed to the formation of physical network in the host matrix as has been suggested by Pötschke et al. and Prashanta et al. [39, 40] .
Conclusion
The dynamic viscosity, steady shear viscosity and storage modulus of HDPE decrease at low loading (i.e., 1 wt%) of both pristine CNT and functionalized CNT, and the decrease follows the order, pristine CNT < phenol functionalized CNT < C18 functionalized CNT. As the nanofiller loading is increased to 2 and 3 wt%, the rheological behavior changes and the viscosity and storage modulus increase and overshoot the values for neat HDPE. The effect becomes pronounced as the nanofiller loading is increased to 4, 5, and 7 wt%. The rheological results are indicative of formation of filler networks in the polymer matrix and the rheological percolation threshold for the network to form is strongly dependant on the functionalization of CNT. For example, for the unfunctionalized CNT the percolation threshold is around 4 wt%, but for functionalized CNT, it is around 7 wt%. The surface morphologies of CNT and functionalized CNT at 1 wt% loading showed good dispersion while at 7 wt% loading, dispersion was also achieved, but there are few regions with agglomeration of CNT.
